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INTRODUCTION 

The heat pipe is a relaively recent development (1964) in extremely 
efficient heat-transport devices. The basic phenomena of evaporation, conden­
sation, and surface tension pumping within a capillary wick structure permit 
the heat pipe to transfer large quantities of heat without the use of external 
components, Because the heat pipe can operate without the aid of condensate­
return pumps, gravity, or centrifugal-force fields, it differs from conventional 
boiling-condensing thermal systems (e.g., Rankine cycle or reflux condenser 
systems). Theoretically, the heat pipe can transfer up to 500 times as much 
thermal energy per unit weight as can a solid thermal conductor having the same 
cross section. By appropriate selection of working fluids, heat pipes have been 
designed and operated at temperatures ranging from the cryogenic temperatures 
up to 2250 K (3590 F) and are limited at higher temperatures by available 
materials' technology. 

Operationally, the heat pipe can be characterized as being simple, 
relatively inexpensive, and capable of operating silently and reliably for long 
lifetimes. Thermal energy may be transferred to or from the heat pipe by 
radiation, convection, or conduction, and it may be used with a variety of energy 
sources such as open flames, electric heaters, solar radiation, or nuclear sources. 
Because it has a fraction of the weight and has several hundred times the heat­
transfer capability of copper, silver, or aluminum, the heat pipe can replace, 
or supplement, many conventional heat-transfer systems relying on thermal 
conduction coupling. 

Typically, heat pipes are built from circular-cross-section tubes 
such as is shown in Figure 1. The structural elements of the heat pipe are 
a closed outer vessel, a porous capillary wick, and a working fluid. The wick 
is normally held uniformly against the inside wall of the pipe. Glass or metal 
tubes may be used for the gas-tight containment vessel. Demonstrated working 
fluids include water, acetone, alcohol, glycerine, atmn0nia, Freon, molten salts, 
and molten metals, including Hg, Na, and Li. Typical wick materials are woven 
cloth, fiberglass, porous metal, wire screen, porous ceramic tube, narrow 
grooves cut lengthwise in the pipe wall, and corrugated or perforated metal 
sheet. 

As shown in Figure 1, heating one region of the heat pipe evaporates 
working fluid from the wick and drives the vapor to other regions where it 
condenses, giving up the latent heat of vaporization. It is this phase change 
which gives rise to the high thermal performance of the heat pipe. Within the 
wick, capillary forces return the condensate back to the evaporator region. 
Typical heat-pipe operation is characterized by very nearly isothermal conditions 
along its length. A small-temperature gradient exists because a small-vapor­
pressure gradient is generated between the evaporator and condenser sections 
and because there are some radial temperature gradients due to thermal conduction 
where thermal energy is added and removed. The pressure within the heat pipe 
is the saturation vapor pressure corresponding to the operating temperature 
condition. The operating temperature in turn is a function of the heat sink 
temperature and method of attachment. 
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FIGURE 1. OPERATING HEAT PIPE 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

3 

In order to be an effective heat transfer device, the heat pipe must 

be optimized to properly merge the physical characteristics of the working 

fluid with the geometric constraints and the desired operational temperature 

range. The maximum thermal power per unit temperature difference (between the 

extreme end points of the heat pipe) that can be transferred in a heat pipe of 

fixed dimensions, is determined by 

(1) The pumping capability of the wick structures 

(2) The thermophysical properties (particularly the trermal 
conductivity) of the materials of construction employed 
for the wick and containment vessel and methods of 
attachment (i.e., thermal impedances between shell and 
wick in the evaporator and condenser sections) 

(3) The physical properties of the working fluid (viz., surface 

tension, contact angle, latent heat of vaporization, viscosity 

of the liquid and gas phases, density of the liquid and gas 

phases, vapor pressure) over the temperature range of interest 

(4) The onset of boiling of the fluid in the evaporator regions, 
due to superheating of the fluid induced by high heat fluxes 

(5) The onset of entrainment, i.e., the counterflow shear 
between the liquid (on the wick) and the vapor (in the vapor 

passage) phases 

(6) The vapor phase sonic limit, i.e., the "upper-limit" velocity 

at which vapor can be transferred from the evaporator to the 

condenser regions of the heat pipe. 

Figure 2 schematically relates those parameters of importance to the three major 

regions of a cylindrical heat pipe. 
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THEORETICAL ANALYSIS 

Several derivations of the heat-pipe maximum heat-transfer rate 
and associated optimization techniques have been reported in the literature. 
Consider the heat pipe shown in Figure 1. When operating at steady-state 
conditions, the sum of the pressure changes in the closed-cycle system may 
be described by the following equation: 

l::,p > l::,p + l::,pJ, + 
CJ g 

Liquid surface Gravitational Viscous flow 
tension pumping field losses in 

in wick effect wick 

The heat pipe can operate without drying out the wick so long 
pressure term is greater than or equal to the pressure losses 
and the vapor, and those due to gravitational or acceleration 
(which may either help, hinder, or be nonexistent). 

WICK SELECTION 

l::,p 
V 

i 
Viscous flowf

1 

losses in 
vapor 

as the pumping 
in the liquid 
field effects 

The wick structure performs the following four basic functions: 
(1) liquid pumping - results from surface tension forces developed in wick 
pores at the liquid-vapor interface, small pores are desirable, particularly 
in the evaporator region; (2) liquid-flow path - liquid drawn from the con­
denser to the evaporator flows in wick channels, large, smooth wall channels 
are desirable for low hydrodynamic losses; (3) radial heat-flow path - ther­
mal energy required for evaporation is transferred through liquid-wick com­
posite structure, high thermal conductivity of both wick and liquid is 
desirable; and (4) liquid vapor-flow separation - at high-performance condi­
tions, the counterflow shear between the liquid and vapor phases becomes 
important, fine pores or even a solid separation layer is desirable at the 
liquid-vapor interface in the midsections of high-performance heat pipes. 
In addition, the wick must also be made of a material which is chemically 
and metallurgically compatible with the working fluid and containment vessel, 
it must be manufacturable, and, depending on application, it may need to be a 
dielectric material. 

(1) 
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WORKING FLUID SELECTION 

In choosing a heat-pipe working fluid for a given temperature 
range, the following factors need to be considered. The vapor pressure 
of the working fluid should not be so high that the heat pipe must 
become a pressure vessel with prohibitively thick walls. However, the 
slope of the vapor pressure-versus-temperature curve should be large so 
that small differences in temperature between the evaporator and con­
denser regions of the heat pipe will provide large differences in the 
pressure of the vapor. A fluid having a high latent heat is desirable 
in order to transfer the maximum amount of heat with the minimum flow of 
fluid. A high thermal conductivity of the liquid minimizes radial tem­
perature differences across the liquid layer in the evaporator wick sec­
tion and reduces the possibility of localized boiling at the container 
wall-to-wick interface. The viscosity of both the liquid and vapor 
should be low in order to minimize the resistance to fluid circulation. 
The flow of liquid in the wick structure depends upon capillary action 
and, therefore, a fluid having a high surface tension is desired. 
Similarly, the wick structure must be completely ''wetted" by the liquid 
in order for the capillary action to function properly. 

As mentioned under "wick selection", there must not be any 
appreciable chemical or metallurgical reaction between the working fluid 
and the wick or the heat-pipe containment vessel. For example, the use 
of water in an aluminum heat pipe results in a chemical reaction which 
generates hydrogen and which is swept into the condenser in the form of 
a noncondensable gas and, consequently, interferes with the operation of 
the heat pipe in that region. Any reactions which could alter the fluid 
properties are undesirable. 

LIMITS OF OPERATION 

The heat pipe possesses heat-transfer limitations which are 
governed by certain principles of fluid mechanics. The possible effects 
of these limitations on the capability of a heat pipe are shown in 
Figure 3. The relative magnitudes of each of these limitations will 
vary depending on heat-pipe geometry, working fluid, and wick character­
istics. The individual limitations indicated in the figure are discussed 
below. 
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Sonic Limit 

The rate of heat transfer, Q, from the evaporator section of the 
heat pipe to the condenser section is given by: 

Q = m L 
V ' 

where mv is the rate of mass flow of vapor at the evaporator exit, and Lis 
the latent heat of the fluid. Since the latent heat of the working fluid 
is used instead of its heat capacity, rather large heat-transfer rates can 
be achieved with a relatively small mass flow. Furthermore, if the heat is 
transferred by high-density, low-velocity vapor, the transfer is nearly 
isothermal because small pressure gradients in the vapor support its motion. 

The above equation can be used to show the effect of vapor density 
and velocity on heat transfer by using the continuity equation: 

1n = p VA 
V V ' 

where Pv is the radial average vapor density at evaporator exit, Vis the 
average axial vapor velocity at evaporator exit, and A is the cross-sec­
tional area of the vapor passage. The combination of Equations (2) and (3) 
obtains: 

Q/A = pv VL, 

where Q/A is the axial heat flux based on the cross-sectional area of the 
vapor passage. According to Equation (4), the axial heat flux in a heat 
pipe can be held constant and the condenser environment adjusted to lower 
the pressure, temperature, and density of the vapor until the flow at the 
evaporator becomes sonic. This sonic limiting condition is represented 
in Figure 3. Typical values of sonic heat-flux limits for Cs, K, Na, and 
Li are 37.3 (at 700 C), 36.6 (at 700 C), 94.2 (at 900 C), and 143.8 (at 
1300 C) kw/cm2, 

Entrainment Limit 

The sonic limitations discussed above do not ordinarily cause 
dryout of the wick with attendant overheating of the evaporator. Rather, 
they often prevent the attainment of other limitations during startup. 
However, if the vapor density is allowed to increase without an accompanying 

(2) 

(3) 

(4) 
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decrease in velocity, some liquid from the wick-return system may be 
entrained. The onset of entrainment can be expressed in terms of a 
Weber number: 

2TT y = 1 
' 

where A is a characteristic length and y is the surface tension. This 
equation expresses the ratio of vapor inertial forces to liquid surface 
tension forces. When this ratio exceeds unity, entrainment begins and 
the fluid circulation increases until the liquid-return path cannot 
accommodate the increased flow. This results in dryout of the wick and 
overheating of the evaporator. 

Since the wavelength of the perturbations at the liquid-vapor 
interface in a heat pipe is determined by the wick structure, the entrain­
ment limit can be estimated by combining Equations (4) and (5) to give: 

The above equation can then be used to obtain the type of "entrainment limit" 
curve represented in Figure 3. 

Wicking Limit 

The circulation of the working fluid in a heat pipe is maintained 
by capillary forces which develop in the wick structure at the liquid-vapor 
interface. These forces balance the pressure losses due to the flow in the 
liquid and vapor phases and are manifest as many tiny menisci which allow 
the pressure in the vapor to be higher than the pressure in the adjacent 
liquid in all parts of the system. A typical meniscus is characterized by 
two principal radii of curvature (r1 and r2) and the pressure drop, 6p0 , 

across the liquid surface is given by: 

1 1 
6p == y(- + -) 

0 r 1 r
2 

These radii, which are smallest at the evaporator end of the heat pipe, 
become even smaller as the heat-transfer rate is increased. If the liquid 
wets the wick perfectly, the radii will be defined exactly by the pore 
size of the wick when a heat-transfer limit is reached. Any further 
increase in heat transfer will cause the liquid to retreat into the wick, 
and drying and overheating will occur at the evaporator end of the system. 

(5) 

(6) 

(7) 
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The capillary force in a heat pipe can be increased by decreasing 
the size of the wick pores which are exposed to vapor flow. However, if 
the pore size is decreased also in the remainder of the wick, the wicking 
limit might actually be reduced because of the increased pressure drop in 
the liquid phase. This is shown by Poiseuille's equation for the pressure 
drop through a capillary tube: 

whereµ is the liquid viscosity, mt is the mass rate of flow of liquid, r is 
the effective radius of the capillary tube, pis the liquid density, and Z 
is the capillary tube length. 

The above equation can then be used to calculate the liquid-pressure 
drop at a particular heat-transfer rate, Q, for various wick structures. The 
geometry factors associated with various wick structures are reported in the 
literature.* An example of a wicking limitation curve is shown in Figure 3. 

Boiling Limit 

In most two-phase flow systems, the formation of vapor bubbles in 
the liquid phase (boiling) enhances convection, which is required for the 
heat transfer. Such boiling is difficult to achieve in liquid-metal systems 
because the liquid tends to fill the nucleation sites necessary for bubble 
formation. In a heat pipe, convection in the liquid is not required because 
heat enters the pipe by conduction through a thin, saturated wick. Further­
more, the formation of vapor bubbles is undesirable because they could cause 
hot spots and interrupt the action of the wick. Therefore, heat pipes are 
usually heated isothermally in order to facilitate the wetting of the inner 
heat-pipe wall and the filling of all but the smallest nucleation sites. 

Since the sizes of nuclea~ion sites in any system are difficult to 
predict, it is not possible to predict when and where boiling will occur. 
However, the following two equations do indicate how various factors influence 
boiling; 

P. - p,e, = !:;i.. 
)._ r 

2 
k (T - T ) 

w V 

s t 

.,., Cheung, ll., "A Critical Review of Heat Pipe Theory cmd Applications", 
Report No. UCRL-50453, Lawrence Radiation Laboratory (July 15, 1968). 

(8) 
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where P. is vapor pressure inside bubble, Pt is pressure in adjacent liquid, 
r is raaius of largest nucleation sight, Sis heat input area, k is effec­
tive thermal conductivity of saturated wick, Tw is temperature at inside 
wall, Tv is temperature at liquid-vapor interface, and tis wick thickness. 
As an example, if HzO is used as the working fluid, boiling often becomes 
the major heat-transfer limitation because the thermal conductivity is low 
and because the liquid phase does not readily fill nucleation sites. The 
boiling limitation usually occurs only in nonmetal working fluids and 
typically at high input heat fluxes and high operating temperatures as 
shown in Figure 3. 
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SUMMARY OF PERFORMANCE FOR SELECTED WORKING FLUIDS 
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SUMMARY OF HEAT PIPE PERFORMANCE . npp 
The maximum heat transfer capability parameter, cr~H ...1. • _::i.., which 

µl µv 
can be calculated from fluid property data is often employed for preliminary 
fluid selection. Table 1 summarizes this parameter for typical fluids which 
could be (and some have been) employed in heat pipes. Table 2 contains 
property data for selected heat pipe working fluids. 

A summary of attained heat-pipe performance which has been reported 
for a variety of working fluids is shown in Table 3. It is readily apparent 
from this table that little experimental data are available for heat-pipe 
operation in the near-room-temperature regime or below. One trend evident 
from this table is the significant decrease of axial heat-flux capability 
with decreasing heat-pipe operating temperatures. Also, higher internal 
pressures are required for the effective operation of heat pipes in the low­
temperature regimes (70 to 400 K; -335 to 260 F). 
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TABLE 1. MAXIMUM HEAT-TRANSFER CAPABILITY OF 
SELECTED HEAT-PIPE WORKING FLUIDS 

Temperature, 
F 

-333-7 

-333-7 

0 
50 

100 

50 
100 
150 
200 
400 

0 
50 

100 
150 

100 

900 
1200 
1500 
1800 

Saturation 
Pressure, 

psia 

Nonmetals 

5.60 

0.9] 

30.42 
i 89 .19 
211.9 

0.18 
0.95 
3. 72 

11.53 
247.0 

'Metals 

4.58 
15.33 
40.04 
87.51 

.04 
1.00 
7.00 

33.0 

CJ•6Hv ~, v~-~ 
Btu/ (sec) (ft 

2
) 

2.63 X 105 

27.3 X 105 
39.75 X 105 

45.8 X 105 

4.57 X 105 
11. 65 X 105 
24.3 X 105 
43.2 X 105 
97.0 X 105 

3.08 X 105 
5,18 X 105 

7,93 X 105 

11.09 X lQ5 

2.3 X 105 

5 28,3 X 10 
r 

88.5 x lOJ 
220, X 105 

31/1. X 105 

-_ ·--- ---- ----- -- ___ -;---·----------------=-=:::=-:::.::_-=-----~-----=--



Freezing 
Point, 

Substance F 

p~ 

c 

0-c 

l'i'H 3 -108 

H
2

0 +32 

Freon-21 -211 

Sodit.:m 208 F 

------------­TABLE 2. PROPERTIES OF SELECTED HEAT-PIPE WORKING FLUIDS 

Saturation 6Hfg' P,R,, Pv, Centi12oises Temperature, Pressure, Btu/lb lb /ft3 lb /ft 3 
µ£, 

a, 
F psia m m m µv dynes/cm 

Nonmetals 

-333-7 5 .60 88.3 46.4 0.1965 0.230 0.00517 lOJ 

-333-7 0.91 99.2 77.5 0.2200 0.395 0.00503 17.9 

0 30.42 568.9 41.4 0.109 0.195 0.00865 
50 89.19 527.3 39.1 0.304 0.130 0.0095 23.4 at 11.1 C 

100 211.9 477.8 36.4 0.705 0.0925 0.0106 18.1 at 34.1 C 
174- 560.0 

50 0.178 1065.6 62.4 0.000587 1.25 0.0091 73 ,..... 
100 0.949 1037.2 62 .'O 0.00286 0. 725 0.0101 69.6 \.Jl 

150 3. 718 1008.2 61.3 0.0103 0.46 0.0111 66.0 
200 11.526 977 .9 60.15 0.02975 0.290 0.0121 57 
400 247.0 825.0 53.5 0.5400 0.135 0.0176 33.3 

0 4.582 109.93 91.5 0. 0968 0.49 0.0100 24.4 
so 15. 33 103.90 87.7 0.291 0.40 0.0108 20.0 

100 40.04 97 .11 83.3 o. 729 0.34 0.0115 16.3 
150 87.51 89.06 78.8 1.546 0.28 0.0121 13.1 

Metals 

900 .04 1840 51. 7 8.0 X .25 .00176 155. 
10-5 

1200 1.00 1770 49.2 1.03 X .20 .00199 137. 
10-3 

1500 7.00 1690 47.2 9.0 X 
10-3 

.165 .0022 118. 

1800 33.0 1625 45.1 2.5 X .14 .0024 103. 
10-2 
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TABLE 3. SUMMARY OF HEAT-PIPE PERFORMANCE 
FOR VARIOUS WORKING FLUIDS 

Practical 
Temperature Measured Axial 

Working Fluid Range Heat Flux* 

Liquid nitrogen 70 to 120 K 40 watts/cm 2
 

(-330 to -240 F) at 78 K 

·water 300 to 500 K 390 watts/cm 
2 

(80 to 440 F) at 400 K 

Mercury 460 to 820 K 1000 watts/cm 2 

(370 to 1020 F) at 800 K 

Potassium 675 to 1075 K 870 watts/cm 2 

(780 to 1480 F) at 1075 K 

Sodium 175 to 1175 K 1400 watts/cm 2 

(940 to 1660 F) at 1175 K 

Lithium 1175 to 1775 K 1950 watts/cm 2
 

(1660 to 2740 F) at 1520 K 

Silver 1775 to 2275 K 4000 watts/cm 2
 

(2740 to 3640 F) at 2025 K 

* Heat pipe operating in horizontal position. 

Fluid-Vapor 
Pressure 

-300 psia at 
120 K 

-300 psia at 
490 K 

,..,200 psia at 
800 K 

...... 20 psia at 
1075 K 

,..,20 psia at 
1175 K 

~25 psia at 
1775 K 

~15 psia at 
2275 K 
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HEAT-PIPE THEORETICAL ANALYSIS CAPABILITY 
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DESCRIPTION OF HEAT-PIPE 
COMPUTER PROGRAM 

A computer program developed at BCL for the design and prediction of 
heat-pipe performance is described below. The digital computer program 
calculates performance based on fixed geometries as well as performs design 
optimization as a function of: 

(1) Maximum heat-flux capability 

(2) Optimum pore size within the wick 

(3) Operational temperature requirements. 

The heat-pipe performance calculations are based on the physical 
model shown in Figure 4 and can accommodate heat-pipe designs having: 

(1) Arbitrary diameters of principal heat-pipe 
components (i.e., wick, vapor passage, 
sleeve, etc.) 

(2) Arbitrary lengths for the three principal 
regions (i.e., evaporator adiabatic length, 
and condenser). 

On the basis of the analytical model shown in Figure 4, the 
computer program logic provides for the acceptance of variable input data, 
design and optimization computations, and tabulation of output data. 
Generalization has been achieved by providing for (as part of the input 
data section) the majority of conceivable design parameters. 

The program inputs include the following parameters: 

(1) Properties of working fluid (latent heat of 
vaporization, viscosity, vapor pressure, 
density, contact angles of fluid in capillary 
voids, surface tension of fluid, and ratio of 
specific heats of liquid and vapor phases 
either as constants or as a function of 
temperature) 

(2) Properties of heat-pipe components (thermat 
conductivity, density, pore radius, pressure­
drop factors associated with liquid flow in a 
capillary structure) 

(3) Dimensions of heat-pipe components (radius of 
sleeve, contoincr, wick, and vapor p,1ssage; 
lengths of evoporator, adiabatic, ,incl condenser 
regions) 
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-" , ANALYSIS ANALYTICAL MODEL POR llF''r-r1·1·)E, 
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(4) Attitude of heat pipe relative to gravitational 
force vector 

(5) Numerical factor in condensation rate equation 
(i.e. , "sticking coe ff ic ien t") 

(6) Range of operating temperatures for heat pipe 

(7) Heat-flux requirement (optional). 

The temperature-dependent properties used in the analysis are expressed in 
terms of a polynomial equation in order to facilitate rapid computation of 
performance parameters over a wide range of temperatures. 

The computational scheme of the computer program is illustrated by 
the flow chart shown in Figure 5. Several optional calculational schemes 
are available for the heat-pipe analysis which permit (1) the optimization 
of the heat-pipe design with respect to maximum heat-flux capability--
based on fixed properties for the heat-pipe components, fixed overall 
diameter of heat pipe, and fixed length of each region of heat pipe: (2) 
the sizing of the effective "pore radius" of the wick--based on fixed 
properties of the heat-pipe components, fixed dimensions of each of the 
components, fixed heat-flux capacity, and fixed operating temperature; and 
(3) the computation of the maximum heat-flux capability--based on fixed 
properties of the heat-pipe components, fixed dimensions of each of the 
components, fixed "pore radius" of the wick, and fixed operating temperature. 

The program output lists the following parameters: 

(1) Optimum wick pore size for vapor flowing in the 
laminar and turbulent flow regimes 

(2) Maximum heat-flux capability of given heat-pipe 
design as a function of heat-pipe attitude and 
operating temperature 

(3) Radial and axial Reynolds numbers associated with 
each of the three regions of the heat pipe as a 
function of temperature 

(~-) Radial temperature difference across heat pipe 
(due to conductive he.Jt transfer through sleeve, 
container, and wick) as a function of operating 
tempc,ra turc 

(5) Maxi.mum effe:ctive operationo.l length of heat 
pipe' n:; a function oi: attitude and op,_.rnLir1g 
temperature. 

ln addition to l.be perfornwnce co11Lrolling paramcLcrs 1.i.sLcd above, 
the l\CL hct1L•··pipc clc,:;is:n 1,rugrarn includes provisiuns for (l) nnalysji, of 
both turbulont and LJrni.nar (axial and racli.al) flow r<?gimc~; in the vapor 
"space)" of tl1e ltcat pipe a,1d (7) tn,ating e:ilfier compressible or jncomprcssiblc 

v,1por J.:lm-J within the C'Vdpurntor section of the heal pipe. Tltis latter 
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consideration is a refinement to the present theory of heat pipes since it 
can be shown that the incompressible theory yields a conservatively low 
prediction of the heat flux since the pressure recovery inthe condenser 
is higher when compressibility is taken into account. The effect of compressi­
bility is particularly important during the startup transient and for operation 
at low temperatures and/or vapor pressures. These design and performance 
analyses are supplemented as required by detailed analytics carried out via 
other generalized heat transfer/fluid dynamics computer codes such as 
CINDA-3G, THT-D and TRUMP, all of which are operational at Battelle-Columbus. 
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HEAT-PIPE WICK FABRICATION CAPABILITIES 
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WICK STRUCTURE REQUIREMENTS 

The key component of a high performance heat pipe is the wick 
structure. The availability of wick structures, or the fabrication capability, 
will be the most significant factor in the successful development of the 
heat pipes cryogenic heat pipe. Basically, the wick structure must perform 
the following four functions: 

(1) Liquid pumping - results from surface 
tension forces developed in wick pores at the 
liquid-vapor interface, small pores are desirable, 
particularly in the evaporator region 

(2) Liquid-flow path - liquid drawn from the condenser 
to the evaporator flows in wick channels, large, 
smooth wall channels are desirable for low hydro­
dynamic losses 

(3) Radial heat-flow path - thermal energy required for 
evaporation is transferred through liquid-wick 
composite structure, high thermal conductivity of 
both wick and liquid is desirable 

(4) Liquid/vapor flow separation - at high-performance 
conditions, the counterflow shear between the liquid 
and vapor phases becomes important, fine pores or 
even a solid separation layer is desirable at the 
liquid-vapor interface in the adiabatic regions of 
high-performance heat pipes. 

The large variability of surface tension characteristics of potential 
working fluids (i.e., cryogens "-: 8 dynes/cm; water':::'. 76 dynes/cm; liquid 
metals-::::: 150 dynes/cm) require a flexible, comprehensive fabrication capability 
which can reproduce wick structures cheaply if these are not available 
connnercially. The materials fabrication capabilities of BCL which could be 
made available for the development of wick structures for a wide range of heat 
pipes are described next. 

Controlled Porosity Structures 

BCL has produced many controlled porosity components through powder 
metallurgy (P/tO methods. These experimental components have been fabricated 
from a wide variety of materials (e.g., tungsten, titanium, stain lees steel, 
nickel, copper, et al). The fabrication technique employed to fabricate these 
porous structures varies with the specific situation and depends UJ> • n the 
materials, pore size, pore size distribution, pore shape, pore volu1ue, 
components geometry, microstructure, purity, and mcchanic~l properties, 
required in the final product. Economic considerations are employed to 
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choose the best fabrication technique among those techniques which produce 
acceptable components. The powder metallurgy techniques commonly employed 
by BCL include: (1) pressureless sintering or irregular and/or spherical 
powders, (2) pressureless sintering or a hydropressed or die pressed 
preform, (3) hot-die pressing, (4) hot-isostatic pressing, (5) powder 
extrusion (with or without a binder) followed by sintering, (6) forging of 
powder preforms, (7) activated sintering, (8) liquid phase sintering, and 
(9) sintering with a pore forming filler material (e.g., wax, bicarbonates, 
etc.). A few porous structures which were produced by some of the above 
techniques are illustrated and briefly discussed below. These structures are 
similar to those required for heat pipes, though they have not been optimized 
as heat-pipe structures, since they were produced for other applications. 

Pressureless sintering was used to produce the porous structures 
shown in Figure 6. The structure was electron-discharge-machined to the 
configuration shown, and the solid cap was attached by electron-beam welding; 
a technique which could be used for heat pipe end closure. Note that the 
pore shape of the structure is influenced considerably by the powder shape. 
Spherical powders produce a rounded pore, while irregularly shaped powders 
produce complex and irregular pore shapes. Figures 7 and 8 illustrate measured 
pore distribution for these two structures. Note the narrow pore size 
distribution of these t:\w structures. The width of this distribution can 
be readily varied by controlling the powder size distribution and the sintering 
variables. Control of the pore size and distribution will be critical in 
producing cryogenic heat-pipe wicks. Figure 9 illustrates another structure 
which is similar to those shown in Figure 6. The porous structures shown 
in Figure 6 and 9 were produced by pressureless-sintering of a hydropressed 
powder preform. The preform was produced by hydropressing irregularly shaped 
powders in an appropriately shaped rubber and metal mold (which defines the 
part geometry during pressing) thus permitting the fabrication of three­
dimensional (other than cylindrical) heat pipe wick structures, particularly 
for the evaporator and condenser regions. 

Still another desirable feature is to be able to produce adjacent 
sections of a heat pipe with small pores followed by portions with larger 
pores. Figure 10 illustrates a porous structure fabricated at BCL which 
contained adjacent small and large pore size regions. The interface of 
the two regions is well defined and continuity of the structure is preserved 
across the interf.:1ce. Thus, a graded wick structure between evaporator, 
adiabatic and condenser regions can be fabricated. 

Figure 11 shows a method for producing· controlled porosity tubing 
which is currently being investigated by BCL. Tubing ~s extruded from a 
mixture of binder, moisturizers, and metal powders. The extrusion operation 
requires low pressures nn<l is suitable for producing tubing up to 20 feet in 
length (well ::1bove most present- requirements). After extrusion the binder 
is removed by oxidation and the tubes are sintered in hydrogen. A cross 
section of an extruded aud sintered copper tube (1/8-in. O.D. x 1/32-in. 
wall) is shown in Figure 12. Figures 13 and 14 show cross sections of 
similar tubes which have been produced from Type 3161 stainless steel powder 
and illustrate the porosity control which can be achieved. The cold-binder 
extrusion method, although not producing the optimum wick for the cryogenic 
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2E757 9X 
Irregular Powder Structure Spherical Powder Structure 

FIGURE 6. PRESSURELESS-SINTERED STRUCTURES PRODUCED FROM IRREGULAR AND SHPERICAL POWDER 

Central cavity formed by electrodischarge machining pressureless-sintered porous body and 
solid cap attached by electron-beam welding. 
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DE658 

A PRESSURELESS-SINTERED COMPONENT PRODUCED FROM 
A HYDROPRESSED PREFORM OF IRREGULAR POWDERS 

Solid cap attached by electron-beam welding. 
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a . Composite of Structure 

5E411 

c. Interface of Small- and 
Large-Pore -Size Regions 

5E468 

5E410 

b. Small -Pore -Size Structure d. Large-Pore -Size Structure 

FIGURE 10, POROUS COPPER STRUCTURE CONSISTING OF SMALL- AND LARGE-PORE-SIZE REGIONS 

The structure was produced by pressureless sintering. 
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Fine-Pore-Size Copper Tube 

15X 2E591 

FIGURE 12. TYPICAL WALL CROSS SECTION OF THE 

AS-SINTERED COPPER TUBES 

The specimens have been polished and 
etched to reveal the microstructure. 
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lOOX 4D902 soox 

FIGURE 13. SINTERED S/S 316 POWDER WICK WITH 1-5 µ NOMINAL PORE DIAMETER 
AND ~ 20 PERCENT POROSITY (FABRICATED BY PRESSURELESS SINTERING) 
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lOOX 2E506 soox 

FIGURE 14. SINTERED S/S 316 POWDER WICK WITH 5-20 J1 NOMINAL PORE 

DIAMETEH AND ~ 44 PERCENT POROSITY (FABRICATED BY 

PRESSURELESS SINTERING) 
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heat pipe application, is one of the cheapest, reproducible and most flexible 
fabrication techniques available. For potential working fluids in the 
normal ambient range, this method does provide a satisfactory wick 
structure. 

A relatively new wick concept, based on parallel flow channels, 
has been developed and affords a significant increase in heat pipe performance. 
The hydrodynamic advantages of the parallel capillary channel (PCC) wick 
(see Figures 15 and 16) are obvious. However, the fabrication of this type 
of wick (now in initial development and evaluation stages) is complex. The 
complex fabrication requirements are on the other hand offset by making 
available a wick structure which can be fabricated with pore diameters ranging 
from 10 to 300 microns; and having porosities in the range of 40 to 60 percent. 
The advantages of (1) low viscous losses associated with the return of the 
condensed working fluid, (2) high thermal conductivity in the evaporator 
and condenser regions, hence small radial temperature gradients, and (3) a 
high degree of reproducibility of wick structures, warrant further development; 
particularly for cryogenic heat pipes where the traditional "slot" wick is 
virtually impossible to fabricate for the required effective "pore size". 
These PCC wick advantages result in an order of magnitude increase in the 
heat pumping capacity as compared with conventional sintered powder wick 
structures. 

Still another wick concept, referred to as the packed-wire wick, 
is shown in Figure 17 and utilizes the voids formed between closely packed 
and sintered parallel wires to achieve the "parallel capillary channel" 
configuration. The general technique for forming and sintering this type of 
structure has been reported in the literature*. Although this wick concept 
is limited to relatively low porosities (5 to 7 percent), it does offer a 
two-fold improvement in the calculated heat-pumping capacity compared with 
the more porous 20 to 40 percent sintered powder wicks for heat pipes with 
high L/D's. 

Machining of Porous Wick Structures 

Fabrication of the heat pipe may require the machining of the porous 
wick structure. Porous materials are hard to machine due to their low 
ductility c1nd strength. Machining by corrnnon procedures also closes the porE!S 
near the surface due to surface metal deformation (smearing). An acid 
treatment must follow normal machining in order to open the surface pores, 
but this is a difficult task. Electron-discharge machining (EUN) is a 
machining tecl1nique which circunwents the surface smearing problem. HCL 
has used EDM to macl1ine porous materials witho~ closing the porous materials 
structure (see Figures 18 and 19). Figure 20 illustrates tlie tapered 
evaporator region of a PCC structure. The oil used during EDM is removed 
from the porous structure through ultrasonic cleaning in tricl1loroet:liylene 
followed by an ultrasonic rinr:e in allol10J. The porous structure is thc:>n 
slowly heated under a vacuum to 1400 F to remove any residucd material. 
Porous structures treated in this manner arc free of inLernal conland nan ts. 

·k Alexander, B.11., nnd Balluffi, R.\.J., "The :Mechanism of Sintcring of Copper", 
Acta Mctallurgica, l, 666-677 (1957). 
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FIGURE 15, S/S 304 PARALLEL CAPILLARY-CHANNEL (PCC) WICK WITH 40 µ NOMINAL PORE DIAMETER AND ~40 PERCENT POROSITY 

(CENTRAL VAPOR-CHANNEL FORMED USING EDM TECHNIQUES) 
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l,OOOX 

FIGURE 16. S/S 304 PARALLEL CAPILLARY-CHANNEL (PCC) WICK WITH 40 µ 
NOMINAL PORE DIAMETER AND -40 PERCENT POROSITY 
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soox 2E307 

FIGURE 18. SINTERED STELLITE-21 POWDER WICK WITH 25 µ NOMINAL PORE DIAMETER AND ~46 PERCENT 

POROSITY (NOTE THE DESIRABLE PORE EXPOSURE ACHIEVED AT THE LEFT EDGE USING 

ELECTRODISCHARGE MACHINING TECHNIQUES) 
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FIGURE 19, CAPILLARY CHANNEL WICK SHOWING EDM COUNTERBORE AS MACHINED 

Note the open pore structure which remans after ED M. 
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FIGURE 20. TAPERED EVAPORATOR REGION FOR A PCC WICK STRUCTURE 
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Plating of Porous Structures 

The porous wick structure of heat pipes must be sealed in a leak­
tight outer envelope (tube) which maintains intimate contact with the wick 
structure and serves as a pressure container. The evaporator and condenser 
sections are critical regions which call for metallurgical bonds to reduce 
thermal impedances. One method of obtaining this leak-tight outer jacket 
and optimum heat transfer coupling is to deposit a metal on the outer surface 
of the porous wick. BCL has through relatable programs conducted experiments 
to prove the potential of obtaining leak-tight metal coating of wicks. Figure 
21 shows two porous tubes (Cu-lONi and copper tubes) which were plated with 
electroless nickel followed by electroplated nickel (note the two distinct 
layers of nickel). The electroless plating closed the surface pores due to 
its voluminous nature and did not significantly close the internal pores. 
Electroplating followed the electroless plating because the rate of deposition 
obtained with electroplating is significantly higher than with electroless 
deposition. The nickel plated porous tubing is leak-tight and will contain 
pressures connnensurate with the thickness of the plating. 

Heat Pipe Closure/Seal Techniques 

Fabrication of heat pipes through other than powder metallurgical 
methods would probably require the use of diffusion bonding, brazing, or 
silver soldering of wick components. BCL has extensive facilities for 
and considerable experience in these joining methods. Silver soldering and 
brazing are coltlmon joining techniques and require little explanation; but 
due to wick contamination and/or pore closure cannot be reconnnended for wick 
structures having very small pore sizes. AQother metallic bonding technique, 
namely diffudon bonding appears much more attractive. Although diffusion 
bonding is a relatively new process, BCL has bonded many structures containing 
intricate channels such as those shown in Figure 22; these structures have 
been devised for aerospace applications. Bonding is achieved at temperatures 
which promote interfacial diffusion and the applied pressure insures intimate 
bond line contact wbile not deforming the channels of the components. Figure 23 
shows the microstructure of a typical diffusion bonded component; Note the 
uniform microstructure in the bonded region and the lack of a bond interface. 
Proper bonding procedures result in bond strengths which have very nearly 
the strength of the base metal. 
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lOOX 58409 
a. Nickel-Plated Porous Cu-l0N Tube 

l00X 5E407 

b. Nickel-Plated Porous Copper Tube 

FIGURE 21. NICKEL-PLATED WICK STRUCTURES OBTAINED BY ELECTROLESS 

PLATING FOLLOWED BY ELECTROPLATING OF NICKEL 
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a. Stainless Steel Diffusion-Bonded Structure 

26239 

b. Hastelloy C Diffusion-Bonded Structure 

FIGURE 22. DIFFUSION-BONDED CHANNEL STRUCTURES 

N65596 
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250X Nl3816 
a. As Bonded, 3 Hr, 3000 F, 20,000 Psi 

250X N13819 
b. Same After Vacuum Heat Treatment, 1 Hr, 4040 F 

FIGURE 23. MICROSTRUCTURE OF A TYPICAL DIFFUSION-BONDED COMPONENT 

OF W AND W-26Re ALLOY 
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HEAT-PIPE EVALUATION FACILITY 
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HEAT PIPE LABORATORY 

A portion of the BCL heat pipe evaluation facility is shown in 
Figure 24. Calibrated, distillation type fill apparatus is available for 
controlled filling procedures. In addition, the heat pipes can be tested 
in a variety of attitudes. Testing is carried out in an evacuated quartz 
tube mounted on the rotatable table (see Figure 24) to negate convection 
effects. The experimental facilities are designed to permit the testing of 
small-scale heat pipe assemblies such as shown in Figure 25, without resorting 
to final, "absolute" closure (an interference fit is employed followed by soldered 
or brazed sealing operation) thus permitting both component, or subassembly, 
evaluations to be carried out. The same experimental apparatus can then be 
used to evaluate closed pipe assemblies. A typical experimental assembly prior 
to insertion into the quartz tube is shown in Figure 26. 

Presently available equipment is designed for the following range 
of operations: 

Heat-pipe diameters: 

Heat-pipe lengths: 

Operating temperatures: 

Heat-pumping capability: 

Inclination attitudes: 

.062 to 1.0-in. diameter 

Up to 36 inches 

-330 F to 900 F 

Up to 200 watts 

~B = 0 to 360 degrees 

Expansion, or extension, of the performance evaluation facilities is relatively 
straightforvard and simple. Available, peripheral data readout equipment 
and electronics are employed. Temperatures and distributions of the heat 
pipe surface are obtained by means of an infrared scanner. The scanner is 
mounted on the turntable (see Figure 24) below the quartz tube. Figure 27 
illustrales performance data which are typical of the type of correlation 
achievable in the BCL heat pipe evaluation laboratory. 
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FIGURE 24. HEAT-PIPE EVALUATION FACILITY (HEAT-PIPE TEST APPARATUS ON ROTATABLE PLATFORM ON LEFT 
AND DISTILLATION-TYPE CJMRGING APPARATUS ON RIGHT) 

.i:,.. 
00 



FIGURE 25. DETAIL OF HEAT-PIPE EVALUATION APPARATUS SHOWING CARTRIDGE HEATER, HEAT SOURCE, CHARGING 

TUBE AND ASSEMBLY, HEAT PIPE WITH SWAGELOK SEALS, AND HEAT-FLUX TRANSDUCER 

-

47978 

.i:,.. 

'° 



- - - - - - - - - - - - - - - - - - ~ - - · -

47980 

FIGURE 26. HEAT-PIPE EVALUATION APPARATUS 

u, 
0 
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Heat Pipe Details 

RC == 0.0005 cm (.00002 in.) 

R == 0.203 cm (.080 in.) 
w 

10 R == 0.325 cm (.128 in.) p 
R == 0.127 cm ( .050 in.) 

V 

P == 25 percent 

b == tortuosity factor 

8 't, == 7 .6 cm 3 in. 

Experimental Data 

0 </J't, = -10 
0 

0 ¢n = 00 (horizontal) 

··-..... --~ </J't 
0 

• = +10 
o..,_ ____ L-,., ___ __. _________ -""' ____ _ 

200 250 300 350 4 00 450 

FIGURE ') 7 _,, 

Temperature, K 

.COMPARISON OF THEORY WITH EXPERIMENT, 
FREON HEAT PIPE WITH SINTERED POWDER WICK 

E 748 ·600 
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SAMPLE HEAT-PIPE DESIGNS AND EXPERIMENTAL RESULTS 



----------------------
,vietal shim 
(nickel) 

Fill 

\ 4 cm 

\ 7 

160 cm 
(63 in.) 

Sintered/powder wick (nickel) 

L±ur,~ 
V .,_=&T5~•-:•·M7"{2/~Ti;;~;;;;~ ~• 'f·f..,.,,$ C 

' 7 7 j > > > ( 

r 4 cm 
Bonded 

/interfaces 

l 
2.3 cm ~"-~ 

/" ~ 

~ - __,, _/ _./ ~,, l 
1.3 cm 

(. 9Q5 in.) 

// < 

~~:r::r:::T'f:!f s, \ 
' 

! Evaporator I 
r--reg1.on ~ Adiabatic 

--------- region 

LContainment vessel 
(.127 cm thick) 

t 

I Con~enser 
---....a..-----• ..... ·••-region 

\_Nickel-plated surface 
to suppress containment 

Annulus for liquid 
reflux (.025 cm wide) 

E748-!598 

FIGURE. 28. SAMPLE HEAT PIPE DESIGN INVOLVING SINTERED 
POWDER WICK WITH ANNULUS 

Ln 
w 



- --------------------
~4cm 

I 
7 

I 
~i:~_,.,,,~l'!:;i.cr~ r,i,~~ • ~ 

1 

160 cm 
(63 in.) 

14cm ~ 
(("-- -

.... 
,6 

' l - ~.,)) 1 
"· « 

Fill tub 
_, · 11 r ( r -
- - I ~ ~ ~ 

,,:,_- .. 

J_ 

- Bonded 
interfc.ces 

. ..,,. 

I 

- -

L 
L Containment 

vessel (.127 

IJ 

--: 
_, ... -

ia 
gi 

-

cm thick) 
L 

0)) 

Parallel capillary 
channel (nickel) 
R = .0020 cm 

C 

FIGURE 2 9. SAMPLE HEAT PIPE DESIGN INVOLVING PARALLEL 
CAPILLARY CHANNEL WICK 

1.3 cm 

__J_ 2.3 

. (. T 

E748-~97 

cm 
5 in.) 

VI 
-P'-
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Note: 

55 

r L"4 cm I 

D = 2 .3 cm 

Nickel PCC wick _J 
Container 

~ 
Fluid 

f 
.0020 cm 

E748-596 

FIGURE 30. PARALLEL CAPILL!'JZY Clll\NNEL WICK DETAIL 

FOR LIT flu id Cl\LCULATIC'.~S 

Number of capillary openings in evoporator or conclc,nser (!+ cm) 49,500. 
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s/s screen wick retainer 

nickel-plated 
platen 

brazed seal 

nickel bellows 

fiberglas wick 
(water saturated) 

water vapor at ~200 C 

spring for retaining 
screens at platens 

s/s flange assembly 

nickel-plated copper 
flange cover 

nickel-plated Inconel X 
static metal seal 

vacuum and charging port 

FIGURE 31. DEL1.OWS BEJ\T PUE 
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5 7: 

Operating Temperature, F 

80 120 160 200 240 
300.-----'---1----'---,-L---L--r--'--_,_.-__._ _ _.'-r-_~_~,ooo 

,·. 
Parallel capillary channel ( PCC) wicks 

---d=20µ 
--d=40µ 

-- ....... .... 
/ 

2001--~/--'-------'------'--T''--~---+-----+-----1 
Description Of Heat Pipe 

I. Freon 21 working fluid ', 

2. Heat pipe OD: 0.63 cm (.25 in) ', 
3. Wick OD: 0.56 cm (.22 in) , 
4. Wick ID: 0.38cp, (.15in) , 
5 Evaporator and condenser length: 0.63 cm(.25in) 
6. Overall heat pipe length: 5. 08 cm ( 2.0 in) 

7. Heat pipe operating in vertical mode with 
II fl 

evaporator up 

100 1------~---~~---~---~I------+------+ 

--- --- -
--- ---

Sintered powder wicks 

with annulus 

Sintered parallel wire wicks 

0 ,___~ __ ......_ ____ _,_ ____ __._ _____ ~ ____ _., ____ _ 

800 

600 

400 

200 

280 300 320 340 360 380 4 00 

0 perat i ng Tc mpe rature, K 

FIGURE 32. corn'AlZJSON OF PREDICTED l ERFUi(MANCE FOR VARIOUS 
WICK DESJGNS FOR LOW-TEt1l'UZATURE APPLICATIONS 

I 
Cl) 
0 -
""O 
C: 

3 
"C 
:::, 
IC 

() 
0 

"C 
0 
(') -'< 

CD -C: 
....... 
::r .., 
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1000-----------.----.-----.--------.----

Cl) --0 
~ .. 
>, -(.) 

0 
Q. 
0 
u 
Ct 
C 
Q. 

E 
::::, 
a. 

-0 
Cl) 

:J: 

PCC wick(porosity = 41 percent) -- -- ---

1001--------+-----+-------+-----+-------+------1 
Parallel wire wick, 

(porosity= 7 percent) -- -- --

Sintered powder \,'ick 
(porosity= 30 percent) 
with .025 cm armulus 10---------------------T""-----------------

I 
60 

----Nitrogen working fluid 

-- -oxygen working fluid 

(/) = 1.0 degree 

R = .0020 cm (.001 in.) 
C 

LT= 160 cm (63 in.) 

LE = L = 4 cm (1. 5 7 in. 
C 

D = 2. St, c, (1 . 0 in. 

65 70 75 

Operating Temp c ratu rci K 

80 

FIGURE . 33. COMPARISON OF PREJJlc;TED PEJff01WJi\NCE FOR SELECTED 
WICK DESIGNS SUITi\HLE FOi( CRYOGENIC APPLICA'fJUNS 
(0 = 1. 0 degree) 

"i. 

85 90 

E 74 8-592 
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10------.------,r-----,------.----,-----, 
-
- Polycrystalline beryllium rod 

-

~ 

1.oLL~d~\t==r:J 
'-

Heat pipe with parallel­
wire wick (Ni) 

-

0.1 

-

-

0.01 (.~...-~,-

60 

FIGURE 

Heat pipe with screen-covered ---'\ 
channel wick (Cµ)(2) \ 

Heat pipe with sintered ----"\ 
powder wii.ck (Ni) \ 

\ 
!\.._Heat pipe with PCC 

wick (Ni) 

L).T= Tevop. surtace =Tcond. surface 

65 70 

Operating 

LT= 160 cm (63 in.) 

L = L = 4 cm (1.57 in) E C • 

D = 2.54 cm (1.00 in.) 
0 

I I 

75 80 

Temperature, K 

85 

34. TEHI'ERATUIU~ DJFFERENCI~ PER UNlT POWLR 
TRANSFEJ<;:ED l'OR SliLi~CTED WJCK CONrIGURATl Ii {S 

E 748-591 

90 
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SAMPLE INPUT/OillPUT OF HEAT-PIPE COMPUTER PROGRAM 
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. . ; .. 
.. . SAMPLE INPUT/OUTPUT OF HEAT .. PIPE 

COMPUTER PROGRAM 

S~le lnput i:>a,:a for L02 Heat Pipe 
: \~-,-

... -,,-:-:--!r"···:--·-T /C. (,~' -~;u;:tVE:HrA Ti.$'/Ot.if::.--cy.·· 
10 1000 • .,0.,;-.,:·­
·12 0, o., o., 0 . ' ·. ····-·"''"°':...,.,,..,,· 

1'5 , • T/C ,;;; CBNTAINER 

.16 
17· 
18 

. ?.O 
. ;~ ! 

o., o., o., 0 
TIC rff ·. !C:-< 

·9.~_~9lf38E-(· . ., ,~.Ci325'/F.-0Li;,-~.3~;09SE0 ... -03.,o · 

u .. o.,o.,o 
· .LAT~l'JT i-•·, "i(GAL/GRAM> · 

22 1.69606C0;·.+·•··:.,-5.69l8557E·t:>, J.Q96ttf;OJE--Ol,-J.·48.3.:.)523~:-c4 

.;.;., .. 2 4 2 • 9 9 3 1.3 9 
_.,,;;:._ 2 4 2 • 9 9 ~'.3 1 J )f:-.:, .- , ., C.., 0., 0 

25· Vl>iP-:";i~ VL.-'.;.~SlTYC?OI.3E> 
··~~ 6 -2. 2 '//;629'2,;- C:LJ; 5. 0 7 5 1 06C,E:•!.•,.::, -:2 .• 46 75.f..17 6£-08, 4 • 3366 77E- 1 l 
2~ o.,d.,o.,o · · 

-,:,-;;, :~9. ··· LI CU Ii) V!~~G;).S!TYCP!H.SE) , . 

10 ~•43~~f56E-03;,-4ei559522£-0:.>3 • 1964284~-71-6 • 5~~6J34k-!O 
:J_B ;()~ o.,, (j., 0 
:13' ' V f;P :-; ·.: P:;J::.£SUKE C i::Y1\JF:S/CI•, 0i- · _ > 

-~_,···:•,·.·,~.:~,:-1 6.01 735.1.!0i•~+ 06., -4. l 83926LiE+ o:·, 1. l 006 l 25F:+04, - l • 30050211£-i· 02 
~ 5 •.8350904E+---0 1 

:~ 5-B3509~4E-Ol.,O,o.,o 
:·'. ·, \Jf.\'?3 '.. DE;'.1$ !. TY< c;::::AMS/CM:1::1,.,) 

1 • 0 6 (, :"_: l ·.•·· · l:~:H.Ji.1 ., - 7 • ~: 6 l 4 7 l 9 f - (i?, l • f. ~; 5 9 5 (: 6F.- 03 .. - :-.: • /.: 1 {, '.-i (.• i; 4~- 0 ~ 

_, ,· ' 1 • :, 5 5 ~ 0 ,, . ~: - 0 7 , - 3 • 9 4 0 7 4 4 j i:: - 1 , ;• , ·', 0 . 
. . 

•• , l LI0~!9 DENSITYCG2AMS~~~*~j) 
,.. :.·'. - 9 • 7 9;; '' • J.e 1::: + 0 '-~, ;:: • 9 ~;? .t t U l E + 0 l , - 3 • t; 8 1 l 2i Of.> F: + 0 0, 7 • 4 ·1 ·,:.: ,:. ::,: t, 6 F - D?. 

,:'.• L; -9 •Sn I 6 .:·,u,.- -(, ✓b ·, • 3~~40366E-o,, .. -;J. ·j OOP.1 l-nE.-Oi,, 5 • :,f:i 6::.':}l)')r:- 1 1 

.r;S S;T.GI1•IC U:J\T ;:if-tTIOCl1:..rITU.~S) 

.i'; ,S I • 1 2 :5, C, C, CJ 
•i:3 0,0.,(i,(; 
•'i';l .:-:~Llifr;:;cr T•:N~~Ic:;1,,;(;_~';'.-.)F.~/Cr-',) 
; , 0 - 1 • 5 9 0 t; ! :,, i,!, ❖ ~) 1 , l • U, 4 i: L1 (: -, i:.: + f)O., - ? • '. i ':) 5 3 /1 4[: E. - 0 '.~ , l • f 5 l (,if., ·1 ~? d·~ - 0 :3 

:, •l - l • ~-j,}(1(1 I ·. ✓i;; +t, J, I • '/ r ,,:::. /·(• 7f:+ 00, -:=:: •. : s,~,.; ,•,.1.; ::•~-C~:, J • ;; l < ;-:: :; ;~~- c,11 
~) <~ - ~ • l 6' () f_/) J :,; ? - c~ ~l, (.i ~ f;., C 

.~, . ..., 
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Sample Output Data fox- .J..<?2 He.at Pf.pe 

:-..·· '·. · .. :•· 
y":,\'. '\...,:-···::-·'.'•'" "f,,~ .. ,.,, • ...,,~ "'.~ ... _. ·. -~:-"".~~:~~~~"l"'::•--~~-~ ·t~,,...., .. ,, .... ,~ ..... · 

HEAT PIPE C:'?MP1JTE'R h-::;GR?.\!"'.--PR!lG1"';(AMl":ED BY. PHlLIP E. EGGEfd:: 

·. "•. : 

. . .. , . ~ . . 
Vf~-S.l_,=::\! lt:i # J~"l"Ol"t'C·:> _Ut""iiAlED f:SY J. T. '.·-<,JE;f,ff.S 

... ': .. ·. 

ARE F'ILft CJEFFICIEN'fS DEl-<RIVED r:M:-1 1"E:MPEf·MT.l)HES IN. 

DEG~EE$. X~L\iI:-,t#CENTIGRADE 0K ft.AH1iENHEIT . __ .,,_.,~,,...,.~-
... 

. : .- . 

. , . ~ 

I.·, .. ... ·-___ ...;.,.,..,, -.::• ... :· .... ,:. ~-?:--.-~:. ...... ;.:.,.(.,_. ·~~.:. ..... :.,~t·-. ·-···-· .· .. ·.:..:- . .. _:., ... ::,r •• .:. -~,-- .. 

·_. ~:-, ·· :·-. _:· ·,·, 
: . ··::'''':-·r- ·-: ....... "?~~ ~-- ' : •• ·' •:r . . : · .. ,. • ~ .... : . 

DtMENSI0NS F0R· R'S AND. Z'S IN OENTIMETE~S 
- . -, ... ,• 

: ... •':"- ._., · .. · . ~--•,"! .· ... :.. 4, 

•,;·:· 

'•.· ... · 

,. 

PHI= o.tn HP= 1 .21 . ,~ --· l • 19 i,V= o.650 , .... -

ZF. = Li. (l!, lf>:; 152. !'.C= .. ~. ti5 -
-T,EMP 
6~.oo 
75~00 

GM-',;-',A Rtl0-LlQ Ri-lQ VAP VIS LIU VIS VAP fVAP 

. -85.00 
95.00 

... 1• 
i"', , 

65 • (HJ 

75.00 
,r•:•1 ' { 
~ .•. J. J,J 

95.00 

1t:. 9. 1-26 ~509F.-G4 .449E-U2 .t(!l~-04 -~37E+OS 

1 7.Q . 1 .22· •653E:-03 -314E-fi2 • 32·,,,:-04 ·d•LiSF:+06 

14.1 ld7 •24'4E-0:::' •2.14£-02 .!>~.:3::-(,14 •566E+06 

12.2 1 .- 12 • 7_1 O'E-02 • 145£-02 . • 692,-~-o-4 •163E+07 

LA~lNAR F"L0w 1<EG!t-".E 

1'AiJ. KEN• hh::. 
,EVAP C1'.1N'D 

309} .• 04 · 3091•04· 
;;•st::i9.t(.: ~?92~9.t;C 
~~? . I :i • (., .._•; [~ ~? 7 9 • i, ~) 

2024-8~ ·202~.0~ 

-· 
-At I AL .~EN. i\J.) ·• 

EVAtJ AO I A8Al i c.;\;H~D 

JH~99.S 36499~5 -~99.~ 
3723~.o 37236.o J72J6.o 
e3JiJ • 2 2H393.2 ~~J~~.? 

~~219-~ 25219.S 2~219•b 

lr-iAA 
C,·· • 

i:i ·, :;i l • I 6 

-~J(-,,4~2{ 
. ·, 3~ 1 •, :. 
6.till • U'.t 

IS .0. f'i:;J,\:l :•T .. ,. lJ.,:!f\f. i·L,'. :,,."(! - id· UL:'ltU 

? YI:::;_:, 

, . 

.( 
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l 

TEM/-' DF"L. T 0 T OCS•.:JNIC> U ( F ,\! Tf~ i'-i > l.' ( ' j ,.: < ) C.)C B(HL> 
K i'< \ /\TT S hATTS 1··-' ,~ T 'i' ,:; WATTS 

65.00 ,·".L,. OU JC<~• 3 18 ::> • 7 Lj~') /,. / -4566771 .9 .. 
'/5. 00 2so. 79 31 l Li • 5 61 1 ·•; 

• 0 
l ✓• , 
,,J (.) • ' • 7 1837925. 1 

ss.oo 2i:; ti. 7'I 1 1 /j 1 7. L1 1 O::> 5. 1 6( i . j 9223635.6 
95.00 31 7.L;~~ 3 I L; Li 2 -.:"i I 5'63. 1 7 L, ( , • ::, 6908366•-4 

Is A P1dNT 1:JUT ;JF Tu;muLENT FU;h F:EGU-':E REOLIE:STFD 
?YES 

T[i":P 
K 

65".00 
75,0C 
85,00 
95,0U 

-~£;D. ~(Ei\J ·. '.\ :·~ .\ 
E:1/ hP C : .,ID 

2675-9LJ 2675,9L; 
1 9 () I • 2 L1 1 9 0 1 • 2 LI . 
l'/QL.:,l() 1·101!.}6 
165-t,;)3 16'.:>7,93 

,.y 

C ... , .... 

O,OC200 

• ~ ' c..· Ci. OC? C_,1 C 

... 

f-,\I/\L ~EN, N0. 
· EVAP ADIABA~IC C8ND 

33329-3 33329;3 33329.3 
~3680.J 23630.3 23680 • 3 
21225 • 6 
20649~f; 

DFL1LE 

2122'.:> • 6 
2p6L;9,8 

DELTLC 

J•, 

;:, f_ • ,'· 

7 9. ·1 

J U (_-:• 

1 ,) (} • 

21225".6 
206L!9.3 

DELTP 

t' SI 
,lllF-0? 
• ? :-i J F. - (., 3 
• 11 •·-U:: 

c~,1 •· 
8Tdl • l6 
Sl6LJ.2(, 

73:iJ.Cf 
- 6L111.us 
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. II ·-r-.;~~~~~,:q,,,.---
. HEAl FLUXES fOR TURBU LENT FLOW R GIME 

TEMP QELTA T QC S0N I C l OCENTRN> 

K K WATTS ~!ATTS -
Q C ~H CK > • 0 C 8 :1_ IL > 

l•,'ATTS ~JAT' 

65-00 72 - 72 362 - 3 l 8 5 • .7 
I 

-75-00 1 59 • 49- . 3 11 4 - 5 6 i l • 8 . 

85-00. 2 15· . !O 1T 4 I T . 4 ' 1055 • l 

95.00 2~9 - 99' 1 ~-42 • 8 .1.56 3 • l 

160-7 4566 771- 9 
3'59 ·.1 183"/925 .1 

· - 9223-635 • 6 
6~08368 04 

TEMP b LTTV!- - J?LTTVT · 

65 '• 00 0 • 52,3 0 • 1 1 6. 
-, 5. 00 Q.937E-Ol Q.590E-02 
::; s.oo Q.16SE-Ol 0. 6 7'/E-u3 
::is. oo Oo410E-02 o.t94E-03 

.. 
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HEAT PIPE BIBLIOGRAPHY 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

66 

TABLE 4. HEAT PIPE BIBLIOGRAPHY 

Theory 

T. P. Cotter, "Heat Pipe Startup Dynamics", Thermionic Conversion Specialist Con­
ference, Palo Alto, 1967. 

D. Ernst, "Evaluation of Theoretical Heat Pipe Performance", Thermionic Conversion 
Specialist Conference, Palo Alto, 1967. 

C. A. Busse, "Pressure Drop in the Vapor Phase of Long Heat Pipes", Thermionic 
Conversion Specialist Conference, Palo Alto, 1967. 

J. Bohdansky, H. Strub, and E. van Andel, "Heat Transfer Measurements Using a 
Sodium Heat Pipe Working at Low Pressure", Thermionic Conversion Specialist Con­
ference, Houston, 1966. 
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